Abstract: Clinical observation revealed deformations of the local vasculature due to implanted devices related to treatment of intracranial aneurysms. Pre-and postinterventional image data is reviewed and segmented. Based on Computational Fluid Dynamics (CFD) the effect of the vessel deformation on the intra-aneurysmal hemodynamics is investigated. The simulations incorporate the vessel trees with aneurysm excluding the device itself in order to consider the isolated effect of geometric modifications. As a result, the aneurysm inflow jet is redirected, changing the local flow quantities. Finally, a neck inflow rate reduction of 52.5 % is archived. Thus, a targeted vessel straightening as a novel tool for treatment planning appear to be an idea worth to discuss in the community.
Introduction
Stent-assisted coiling has become an established treatment concept for the therapy of intracranial aneurysms. Several recent studies investigated local modifications of the cerebral vascular anatomy due to stent deployment based on clinical findings of up to 102 data sets [1] [2] [3] [4] [5] [6] [7] . The deformation was quantified in 2D or 3D angiography before and after stenting. King et al. [3] performed a detailed measurement using image segmentation and centreline extraction. Accordingly, the radius of curvature can be calculated in a standardized manner. They observed increases of the radius of curvature of more than 50 % after stent implantation. Gao et al. [2] . as well as Chau et al. [7] reported that anatomical deformation is more likely in distal (middle cerebral and anterior communicating artery) than in proximal (e.g., internal carotid artery) locations. Gao et al. also attribute higher grades of vessel deformation to the higher longitudinal stiffness of closed-cell stents compared to an open-cell design.
To the author's knowledge, only two studies address the deformation related changes in the local hemodynamics. Gao et al. [4] performed CFD for 14 patient-specific data sets. The aneurysms were virtually removed to simulate their occlusion without stenting. Post-processing focused on the neck region and revealed a decreased pressure drop at the bifurcation apex and a migration of the flow impingement zone in the post-interventional state, respectively. Jeong et al. [8] investigated two idealized bifurcation aneurysms with CFD considering the stent structure and a porous media representing coils. As a result of the vessel straightening, the mean velocity, kinetic energy, wall shear stress (WSS), and vorticity was decreased.
Our study extends these two studies by a) including the aneurysm morphology itself and b) considering actual patient specific data. We discuss the idea of a targeted vessel deformation in order to slightly redirect the flow decreasing the amount of blood entering the aneurysm. The hypothesis will be tested, whether a reduction of the neck inflow rate is already achieved by anatomical changes without actual coiling. Therefore, the isolated effect of the shape modification itself is in the focus of this study. 
______

Case description and pre-processing
3D digital subtraction angiography (3D-DSA) images of a 62 year old patient were used for this study. The investigated unruptured aneurysm was located at the middle cerebral artery, where according to Gao et al. [2] and Chau et al. [7] anatomical deformations are more likely. Placement of a laser-cut stent (Acclino flex, Acandis GmbH & Co. KG, Pforzheim, Germany) for stent-assisted coiling led to a marked anatomical deformation of the parent and nearby arteries (Figure 1) .
Both configurations were reconstructed with the same Edge Enhanced kernel [9] . Segmentation was performed with MeVisLab 2.8 (MeVis Medical Solutions AG, Bremen, Germany) [10] . Both data sets were registered, artefacts from imaging were removed and global Gaussian smoothing was applied.
Since the aneurysm is, apart from a very small neck remnant, occluded after coiling, its geometry is only barely visible in the post-interventional configuration (Figure 1a,  right) . Therefore, the aneurysm from the pre-interventional configuration including the neck region was copied to the follow-up configuration. The result was verified by the residual inflow of contrast media in the follow-up 3D-DSA and 2D views of the coiling position. Afterwards, both models were simulated without stent and coils to evaluate the isolated effect of shape modification on the post-processing quantities of section 2.3.
Simulation setup
Hemodynamic simulations based on the Navier-Stokes equations are carried out using STAR-CCM+ 10.04 (Siemens AG, Berlin/Munich, Germany). The geometries of section 2.1 were imported and spatially discretised using the finite volume method. Polyhedral cells were used in the main region, while 5 layers of prism cells were used to resolve the near wall flow [11] . In addition, the in-and outlets were extruded to guarantee a fully developed parabolic inflow profile and prevent reversed flow, respectively. With the chosen cell base size of 0.12 mm the reconstructed model consisted of 1.7 million cells. No-slip wall condition, pressure outlets and an unsteady mass inflow rate according to Berg et al. [12] were defined. Blood was assumed to be an incompressible, non-Newtonian fluid (Carreau-Yasuda model: 0 = 15.92mPa s, ∞ = 4mPa s, = 0.08268 s, = 2, and = −0.4725, parameters acquired in the local rheology lab) with a density of 1055 kg/m 3 . The solver time step was set to 1e-3 s. All simulations were performed on a standard workstation (running four Intel Xeon E3 cores with 3.3 GHz in parallel), resulting in CPU times of approx. 40 hours per case.
Post-processing
Two cardiac cycles were simulated, the first for initialization and the second for the actual post-processing. Values of local pressure, velocity and WSS were exported at 50 equidistant time steps. Result calculations include temporal averaged velocity and wall shear stress (AWSS) as well as the oscillatory shear index (OSI), relative residence time (RRT) and time dependent aneurysm inflow rate, according to Xiang et al. [13] . 
Results
CFD simulations show clear differences in the intraaneurysmal flow characteristics after stent-induced vessel deformation (Figure 2) . Less blood is directed into the aneurysm after stent deployment. At the same time, the inflow jet is redirected and the impact zone is moved from the dome near to the aneurysm neck (Figure 2a) . This migration of the flow impingement zone results in decreased AWSS with regard to the aneurysm dome (Figure 2b) . Surrounding vessels are affected as well. Regarding the OSI, the visible variation is small (Figure 2c) , spots are at similar locations but in different shape. In contrast, the RRT reveals as drastic increase in the aneurysm dome (Figure 2d) . Additional to the qualitative observations, Figure 3 shows quantitatively how much blood enters the aneurysm's ostia during one cardiac cycle. The average reduction due to the anatomical modification is approx. 52.5 %.
Discussion
The simulations revealed a clear impact of the vessel straightening due to stent deployment on the intraaneurysmal hemodynamic. Redirection of the inflow jet causes changes in the flow quantities which were related to aneurysm rupture in previous numerical studies (e.g. Xiang et al. [14] ). In particular, the neck inflow rate reduction of 52.5 % is an appreciated result in this context. Decreasing the neck inflow rate and increasing the blood residence time inside the aneurysm are important steps towards thrombus formation and aneurysm occlusion. Of course, this effect is expected to further increase drastically due to the presence of a stent and coils. Nevertheless, a surprisingly high amount of blood passes the aneurysm after vessel straightening, without entering.
Since, only one individual case is considered in this study, conclusions are limited. Different aspects, like number of implanted stents, stent size and type, location, arterial properties, pathologies or extravasal structures, will affect the actual deformation. In addition, similar grades of deformation may have very different effects on hemodynamic quantities due to the individual vascular morphology. However, the deformation grade in this study is consistent with findings in the literature (e.g. King et al. [3] ).
Further the robustness of the imaging to segmentation workflow needs to be investigated. Because it is observed, that vessel lumen regions far proximal or distal to the aneurysm do not match as good as expected in terms of vessel diameter. The segmentations of both configurations reveal differences which may be a result of the contrast agent filling process during imaging or actual changes in the arterial morphology over the 3 months between therapy and follow-up.
Future work will cover a higher case number and address the effect of the stent and coils on the hemodynamics. Depending on the scientific progress w.r.t. wall imaging the incorporation of wall properties could be an important extension to model the actual mechanical behaviour of the vasculature based on fluid-structure interaction [15] .
